This paper reports the differential elimination of surface lichen thalli and their penetrating 15 hyphae and epilithic and endolithic cyanobacteria by two biocide treatments applied on a 16 small scale to the cloister of the Segovia cathedral. Both chemical treatments were 17 
treatment, applied to areas extensively colonized by crustose lichens, resulted in a cleaner 22 stone surface that was practically free of surface epilithic lichen remains, but the presence 23 of living fungal hyphae was detected in fissures of the stone under these remnants in 24 samples examined two months after treatment. The procedure involving Biotin R 25 dissolved in White spirit treatment left more superficial lichen remains but was better at 26 eliminating mycobiont hyphae penetrating the stone. Endolithic cyanobacteria from zones 27
showing green and black colorations were also more affected by Biotin R treatment. Our 28 SEM-BSE observations highlight the need for a complete evaluation of treatment effects 29 including those produced on both epilithic lichen thalli and their penetrating components 30 and on epilithic and endolithic microbiota. The causes and consequences of the different 31 efficacy of treatments observed and the potential risks of recolonization by viable cells 32 left behind after treatment are here discussed. 33 34
Introduction 35
Damage to buildings and monuments caused by biological growths (mosses, lichens, 36 fungi, alga, cyanobacteria, and non-photosynthetic bacteria), particularly that affecting 37 recently cleaned buildings, is a cause of serious concern (Warscheid and Braams, 2000 ; 38
De los Ríos and Ascaso, 2005; Young et al., 2008). Microbial attack not only causes 39
aesthetic changes to the stone surface (epilithic lichens and/or or mosses cover, green 40 and/or dark coloration), but also produces mechanical and chemical damage affecting 41 both the stone surface and inner zones. It is this damage to the inner structure of a 42 building that could lead to its decay in the long term (Ascaso and Wierzchos, 1995 on n-octyl-isothiazolone and a quaternary ammonium salt, was applied as a 2.5% solution 144 in water as per the manufacturer's instructions also with a paintbrush until the entire 145 surface was thoroughly saturated with the biocide solution. Both treatments were assayed 146 in areas representative of the four types of biological colonization described above. In all 147 the selected areas, one part was left untreated as a control. One week after biocide 148 application, the treated surface was cleaned with a soft-bristled plastic brush soaked with 149 the corresponding biocide solution to remove any remnants. Two months after treatment, 150 Lichen thallus and moss fragments were gently separated from the rock surface using 167 a sterile blade. After brief fixation (2 h at 4 ºC) in 2.5% glutaraldehyde they were stained 168 with the SYTOX Green dead cell stain (S-7020, Molecular Probes). After 10 min staining 169 at room temperature, small pieces of lichen thallus deposited on slides were examined by 170 fluorescent microscopy using sets of filters: for DAPI ( 
Results 187 188
On first inspection, the areas treated showed evident signs of cleaning of the stone 189 surface after both cleaning procedures (biocide treatment followed by mechanical 190 cleaning) compared to untreated areas (Fig. 1D-J, Fig. 2A-C) . However, differences in 191 the extent of cleaning were detected between the procedures, especially in areas with 192 extensive crustose lichen cover (Fig. 1F-J) . Biotin T procedure (Fig. 1J ) generated a 193 cleaner surface than Biotin R procedure (Fig. 1H ). These differences were observed also 194 
1D) or mosses and foliose lichens (Fig. 2B-C). 206
Using SEM-BSE, we were able to observe that crustose lichens in untreated areas 207 were closely associated with the lithic substrate ( Fig. 2F-G) . In areas covered by these 208 lichen thalli, mycobiont hyphae often penetrated inner dolostone zones (arrows in Fig.  209 2F) colonizing many fissures (arrows in Fig. 2G ). In both cases, hyphae entered the rock 210 mainly through its intercrystalline porosity. Confirming our macroscopic observations, 211 remains of epilithic lichen thalli were practically absent from the stone surface in samples 212 treated with Biotin T (Fig. 3A-C) . However, remnants of lichens with damaged cells were 213 observed in samples treated with Biotin R (Fig. 3D) . Fissures in zones of the lithic 214 substrate previously colonized by V. nigrescens, A. contorta and Le. stigmatea were 215 extensively occupied by living fungal hyphae with high amounts of lipids after treatment 216 with Biotin T (Fig. 3A-C) . However, living fungal hyphae were lacking ( Fig. 3D-E) or 217 scarce and only appeared in deep fissures in areas treated with Biotin R (white arrows in 218 Areas showing poorly developed crustose lichen thalli and greenish and blackish 222 coloration (area II) were epilithically mainly colonized by aggregates of unicellular 223 cyanobacteria (Fig. 4A) . The presence of cyanobacteria aggregates was also detected in 224 endolithic positions (arrows in Fig. 4A ). Epilithic cyanobacteria were removed by both 225 treatments ( Fig. 4B-C) . However, while endolithic undamaged cyanobacteria persisted 226 after Biotin T treatment (arrows in Fig. 4B ), samples from areas treated with Biotin R 227 showed a high proportion of endolithic cells suffering plasmolysis and a loss of cell 228 integrity (arrows in Fig. 4C) . 229
Areas colonized preferentially by mosses and foliose lichens (area III) were observed on 230 pillars and mouldings comprised of bioclastic dolostone. This stone also harboured 231 numerous microorganisms, especially in intra-fossil pores but also between fossils. Under 232 the foliose lichen Phaeophyscia orbicularis and mosses, fossil cavities left by the fossils 233 were occupied by fungal hyphae, green algae and cyanobacteria mixed with mineral 234 fragments (arrows in Fig. 4D ). Biotin T procedure did not affect these microorganisms 235 occupying superficial cavities (Fig. 4E) and Biotin R proedure only showed a partial 236 effect (Fig. 4F) . Under dead fungal masses, we observed living fungal hyphae with high 237 amounts of lipids (arrows in Fig. 4F and the corresponding enlargement) after treatment 238 with Biotin R. 239
Lichen thalli and their penetrating hyphae could be related to different alteration 240 processes in the stone in untreated areas. The surface lichen thallus affected the surface of 241 both dolostone types (Fig. 2F-G, Fig. 4D ). Thus, the dolostone colonized by the thalli of 242 crustose lichens (V. nigrescens, A. contorta and Le. stigmatea) showed clear signs of 243 surface damage. Crustose thalli fragmented the stone surface, separated mineral 244 fragments and trapped them in the thallus (Fig. 2F-G) . The hyphae of the foliose lichen P. 245 orbicularis colonizing bioclastic dolostone could also be seen to penetrate the lithic 246 substrate, causing disaggregation of the stone surface (Fig. 4D) . EDS analysis confirmed 247 the substrate origin of the mineral fragments present in the P. orbicularis thalli (Fig. 5A) . 248
In addition, the penetrating fungal hyphae were observed to grow through the 249 intercrystalline porosity of the dolostone under the thallus, causing disaggregation of the 250 stone surface and increasing its porosity (Fig. 2G) . Biomobilization processes were not 251 detected in association with endolithic dolostone growth (Fig. 5B) , indicating mainly the 252 mechanical actions of these hyphae. In bioclastic dolostone, microorganisms growing 253 between fossils, especially fungi, seemed also to promote disaggregation phenomena 254 (Fig. 4D) . 
The effectiveness of biocide treatments against biodeteriogens depends on the methods 270 and products used on damage-causing species and their stage of development (Nugari and 271
Salvadori, 2003, 2008). In view of our results, besides this, the efficacy of treatment is 272
also highly dependant on the position occupied by the biodeteriogens in the stone. In our 273 study, both cleaning procedures proved effective at eliminating superficial epilithic lichen 274 thalli and living forms were not detected after treatment. However, Biotin T procedure 275 produced a more visually clean surface in areas colonized previously by crustose lichens 276 because of a lower presence of dead lichen thalli remnants on the surface of treated areas. 277
Mechanical cleaning with a solution of Biotin T in water therefore appeared to be more 278 effective at removing dead crustose lichen remnants than the solution of Biotin R in 279 White spirit. This differential effect is probably more related to a greater effectiveness of 280 water at removing the dead lichen thalli remnants during mechanical cleaning than to the 281 use of different biocides. 282
Through SEM-BSE we were able to evaluate treatment-induced changes not only to for a longer period in the stone due to its low solubility in water, whereas the water-295 soluble Biotin T could more easily leach out of the stone. This factor could be especially 296 important when treatments are targeted against endolithic cyanobacteria, which occupy 297 small microhabitats close to the surface, where leaching of biocides could be facilitated. 298
In effect, endolithic cyanobacteria showed a lower sensitivity to the water soluble Biotin 299 T treatment. Both biocides are based on N-octyl isothiazolamine (OIT), which inhibits 300 microbial growth and metabolism and induces irreversible cell damage resulting in loss 301 of cell vitality (Williams, 2007; Gladis et al., 2010) . Biotin R also contains iodopropynyl 302 butylcarbamate (IPBC), which is insoluble in water and has high bactericidal and 303 antinfungal activity. We cannot exclude that this compound could be at least partially 304 responsible for the damage observed in the hyphae and cyanobacterial cells occupying 305 endolithic positions after Biotin R treatment. 306
The microbiota of bioclastic dolostones covered by foliose lichens and mosses was 307 less affected by the cleaning procedures. This could be explained by the different type of 308 porosity of the bioclastic dolostone (mainly interparticle and intra-fossil porosity) and the 309 probably lower accessibility of the biocide to the endolithic microhabitats. In addition, 310 the special features of this kind of substrate with multiple internal and superficial cavities 311 makes mechanical elimination more difficult after biocide actions on the remains of 312 colonization occupying superficial cavities. Hence, these remains can act as a barrier to 313 endolithic biocide penetration, reducing their efficacy. A similar barrier effect of lichens 314 was described by Cámara et al. (2011) who examined the effectiveness of biocide 315 treatments in stone from a dolostone quarry. 316
The deteriogenic activity of surface epilithic lichen thalli could be erroneously 317 considered more dangerous, since visible aesthetic changes appear on the stone surface. 
